Picosecond lasers are ideal for the study of biochemical processes which occur in the subnanosecond time domain, some of which are identified in Table 1 . It is impractical to consider here all of these, and some have in any case been reviewed extensively. Instead, attention is focused on one area, namely photosynthesis, where picosecond studies have led to considerable improvement in understanding this most important of all photochemical processes.
It would be as well to recall here the overall pattern of natural photosynthesis. It consists of a chain of electrontransfer reactions which, in green plants and algae, results, at the electron donor end, in the oxidation of water to oxygen, and, at the electron acceptor end, in reduction processes such as the conversion of carbon dioxide to carbohydrate, of nitrogen to ammonia or of protons to hydrogen. These involve two photochemical steps and two separate, but linked, photochemical systems. Photosystem I1 oxidizes water and produces a reduced intermediate (e.g. a hydroquinone). Photosystem I oxidizes the hydroquinone and produces the reducing equivalents to make carbohydrate. Each photosystem requires at least one photon for each electron transfer so that two photons are utilized for one complete electron transfer from the oxidizing to the reducing side. Since four electron transfers are necessary to liberate one molecule of oxygen, a minimum of eight photons are required per oxygen molecule liberated in the overall photosynthesis. In bacterial photosynthesis, the oxidant is some substance other than water (e.g. H,S), no oxygen is liberated and the overall process, which IS essentially photosystem I, requires only four photons but stores little energy.
Each of the two photosystems consists of two important parts (see Fig. 1 ). First, there is an array of pigment molecules, in the light-harvesting antenna, whose purpose is to collect the light energy and transfer it to the reaction centre. Typically, this consists of a few hundred chlorophyll and other pigment molecules, closely coupled so that electronic energy transfer between them is efficient. The reaction centre, to which this energy is transferred, consists of a special pigment molecule, which becomes electronically excited by energy transfer from the antenna, and several Abbreviation used : DCMU, 3-(3,4-dichlorophenyI)-l ,Idimethylurea.
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redox systems coupled in such a way that the excited pigment receptor can bring about electron transfers sequentially along the redox chain.
Picosecond studies of photosynthesis so far fall mainly into two distinct categories: (a) fluorescence studies of energy transfer in the light-harvesting antenna, mainly on algal whole cells or the chloroplasts of green plants, and (6) transient absorption spectral studies of electron-transfer processes in isolated reaction centres obtained almost exclusively from photosynthetic bacteria.
Energy transfir in the antenna
These studies have for convenience been carried out in photosystem I1 in algae. Early work was confusing, since fluorescence decay times obtained at low excitation intensities were longer than those at high intensities resulting from use of single-shot lasers. Although this was correctly ascribed to excited state-excited state interactions intervening in the latter case, quantitative conformation was devilled by the fact that different algae respond differently.
Although exciton-exciton annihilation is not of importance in normal conditions in photosynthesis, the intensity threshold at which these effects are observed can be used to assess the number of pigment molecules in the average light- harvesting antennae. For example, in Chlorella this threshold is between lOI3 and lOI4 photons/cm2 per pulse, which means that some 2000 chlorophyll molecules are connected in the exciton process. However, it is known that there are only 300 antenna molecules to each reaction centre in photosystem 11, implying there must be a connection between photosynthetic units.
In red algae and bacteria, the threshold is at much higher intensities, i.e. the number of pigment molecules per antenna unit is much smaller.
Red and blue-green algae have antennae that are most elegantly composed of three or more pigments which are arranged, both morphologically and in order of excitation energy, so as to channel the energy most efficiently to the reaction centre.
The arrangement of three of the four protein pigment complexes in one of these algae, Porphyridium cruentum, is like the shells of an onion, with the shortest wavelength absorber, phycoerythrin on the outside, then phycocyanin, then allophycocyanin. The last pigment, to which the energy is finally transferred, is chlorophyll, which is in the membrane to which the phycobilisome is attached. In the experiment, the 530nm pulse from a frequency-doubled Nd3+ laser was used to excite the phycoerythrin, being relatively little absorbed by the other pigments. All four pigments fluoresce and the fluorescences can be fairly well separated by interference filters transmitting lOnm wide bands centred at 576, 640, 661 and 685nm.
The results of these experiments Searle et al., 1978; Searle & Tredwill, 1982) , are summarized in Table 2 . The sequential rise and decay of the fluorescence at the four wavelengths is clearly shown and the times were independent of pulse intensity over a tenfold intensity range. When the phycobilisomes were removed from the membrane, the lifetime of the allophycocyanin was increased from 118 ps to 4ns since the chlorophyll acceptor was no longer present, but the kinetics of the fluorescence of the other two pigments were unaffected, showing that the energy transfer was sequential and direct transfer from the outer pigments to chlorophyll was not important. Pulse intensity studies on the detached phycobilisomes showed that exciton annihilation did occur in the long-lived allophycocyanin under these conditions but not in the other pigments, and this was also reflected in the intensity dependence of fluorescence yields.
The decay of phycoerythrin fluorescence was not exponential but fitted well the decay law 1(t)= i0exp(-2At+) This relation is frequently found to give closer agreement with experimental decays than the exponential law in very fast kinetic studies and is predicted theoretically for the early stages of time-dependent diffusion processes and for Forster-type energy transfer to a random array (Beddard et at., 1978) . Its significance in photosynthetic antennae must await more precise kinetic measurements as well as better information on the structure of these systems. At present these experiments confirm very nicely the stepwise energy transfer which occurs in multipigmented algae. Similar results have been obtained for the blue-green alga Anacystis nidulans (Brody et al., 1981) . Beddard et al. (1979) have recently repeated these measurements using very low excitation intensities of 108 photons/cm2 per pulse from a dye laser with single-photon counting giving time resolution of about 25 ps. The fluorescence was measured at 200 points over the spectrum. Their time-resolved spectra elegantly confirm our conclusions, reached from measurements at only four wavelengths, including the exp(-2Att) decay law.
In Chlorella and chloroplasts, the larger size and slower transfer render measurements more sensitive to bimolecular exciton processes, but with a synchronously pumped dye laser and photon-counting excitation, this problem has been overcome. Thus the fluorescence of dark-adapted Chlorella was found to be very near to a single exponential function over a thousand-fold intensity, with a lifetime of 492ps. Chloroplasts isolated from pea (Pisum satioum), both darkadapted and illuminated with DCMU or D C M U + M g 2 + ion, to close the reaction centres, were bi-exponential, the shorter lifetime being similar to that of Chlorella, the longer being in the range 1330-146Ops (Beddard et al., 1979) .
The effect of chemically closing reaction centre traps was to increase the proportion of the longer decay component without significantly changing the lifetime. We assign the shorter lifetime to photosynthetic units in which the trap is open and the longer lifetime to photosynthetic units in which the trap is closed. Accepting that there are about 300 antennae chlorophyll molecules to each reaction centre, two models of the photosynthetic unit have been proposed. In the 'puddle' model the photosynthetic units are separate entities with no transfer possible, whilst in the 'lake' model many or all of the chlorophyll antennae are interconnected so that, if the nearest trap is closed, the excitation can migrate further until it encounters an open trap. The lake model would result in a single exponential decay whose lifetime increased as the proportion of closed traps increased, whilst the puddle model would result in two distinct constant exponential lifetimes, the proportion of the longer lifetime increasing as the proportion of closed traps increased. Our results indicate that the puddle model is the one which is appropriate in the chloroplasts that we have studied.
Reaction centre
In the intact cell or chloroplast, the antenna pigments dominate the spectrum and studies of the reaction centre are difficult. For fast time-resolved studies, which generally do not have the sensitivity of steady-state measurements, it is therefore necessary to isolate the reaction centres before satisfactory measurements of the transient electron-transfer processes can be made. U p to the present, isolation of the reaction centres from green plants and algae has not been possible but such centres have been prepared from photosynthetic bacteria. Kinetic studies of these, using absorption spectroscopy, have been one of the notable achievements of picosecond spectroscopy, although it must be said that the success owes much to the plant biochemists who isolated and characterized the reaction centres. The characterization, as well as the picosecond kinetic studies, are far from complete but, at the present time, it appears that the primary receptor or absorber is a bacteriochlorophyll dimer and the electron transfer from this molecule to the adjoining bacteriopheophytin occurs in a time of 4ps. There is some evidence for an intermediate monomeric chlorophyll to which transfer occurs in about 1 ps but these interpretations are still in question (Borisov et al., 1983) . The next electron transfer from pheophytin to a quinone/iron complex occurs in 250ps, whilst transfer of an electron to the oxidized bacteriochlorophyll dimer from cytochrome c and subsequent steps occur on increasingly long time scales. These slower steps have already been studied in depth by flash photolysis in the milli, micro and nanosecond regimes. The picosecond events of the reaction centre have been reviewed (Windsor & Holten, 1980) and will not be discussed further here.
Conclusions
The above discussion gives an impression of the range of uses to which picosecond lasers have been put in this field, and the resulting real gain in understanding.
Studies on membranes have also used picosecond lasers, although the events of interest, such as membrane fluidity, 'solvent' relaxation of probes, and so forth, occur in general in the just subnanosecond to nanosecond time domain (Stubbs, 1984) . The remarkable signal-to-noise ratios made possible by both B-pulse excitation conditions and the use of latest generation time-correlated single-photon counting detection have allowed probing of this field in much greater detail than previously (Ghiggino et al., 1981) .
Finally, the development of the picosecond pump-andprobe techniques outlined in Doust et al. (1984) will undoubtedly allow many more kinetic and spectroscopic measurements to be carried out on systems of biochemical interest. We should note here that the picosecond timeresolved resonance Raman spectroscopic method offers some promise of obtaining structural information on transient species in addition to kinetic, and this is a research area worthy of consideration (Terner et al., 1981) .
